Objective The purpose of the study was to determine associations between pre-antiretroviral therapy (ART) senescent CD8+ T lymphocytes and naïve versus nonnaive CD8+ and CD4+ T lymphocyte subpopulations and CD4+ responses after initiation of ART in younger versus older individuals.
Introduction
Epidemiologic data suggest HIV-infected individuals over 50 years have slower immunological responses to potent antiretroviral therapy (ART) despite sustained virologic responses [1] [2] [3] . At least one study found a significant association between age older than 50 years at ART initiation, low CD4+ T lymphocyte response at 12 months, and increased all-cause mortality, with an adjusted hazard ratio for mortality of 4.26 (95% CI, 1.68-10.83) [4] . Additional research suggests older HIV-infected adults have poorer outcomes compared with younger patients, including more rapid progression to AIDS, and increased risk of death from both AIDS-related and non-AIDS causes including cardiovascular disease, renal disease, liver disease, and malignancies. These findings persist after adjusting for CD4+ T lymphocyte response, suggesting that age contributes independently to clinical progression of HIV [5, 6] .
Immune senescence has emerged as the term used to describe age-related functional and phenotypic alterations in T lymphocytes, including the accumulation of terminally differentiated effector cells, reduced numbers of naïve CD8 + and CD4+ T cells, reduced T lymphocyte proliferation, and increased production of inflammatory cytokines [7, 8] .
Immune senescence is thought to be driven by chronic antigenic stimulation, leading to expansion of poorly functional CD28− CD8+ T lymphocytes [9] [10] [11] . These changes result in chronic inflammation, subclinical infections, reduced response to vaccines, and increased morbidity and mortality [12] . Longitudinal studies in HIV-negative elderly populations have identified an immune risk phenotype (IRP) that is associated with increased mortality and defined by inverted CD4+/CD8+ ratio, persistent CMV infection, and an increase in senescent CD8+ T lymphocytes with the following phenotypes: CD28−, CD27−, CD56+, CD57+, CD45RA+, CD45RA+CD45RO+ [13] [14] [15] [16] . Avoidance of this specific immune senescent phenotype has been found to be protective for survival to 100 years of age in very elderly patients [17] . At least one additional study has shown that the combination of this IRP plus elevated IL-6 and C-reactive protein is predictive of mortality in the elderly, independent of cardiovascular disease, Alzheimer's dementia, and diabetes mellitus [12] .
Data from the HIV/AIDS literature suggest that individuals with chronic HIV infection develop accelerated aging of T lymphocytes, resulting in complete and permanent loss of CD28, loss of important cytokine signaling pathways, and T cell activation, as well as a reduced Tcell lifespan [18] [19] [20] . In addition, patients with rapid HIV progression have been found to have an accelerated reduction of the CD28 cell surface expression level among CD8+ and CD4+ T lymphocytes [21] . We sought to characterize pre-ART baseline CD8+ and CD4+ T lymphocyte phenotypes in HIV-infected individuals in younger (35-50 years) and older (>50 years) individuals with viral suppression to <50 copies/ mm 3 on ART who experienced a poor (<100 cells/mm 3 ) or good (>200 cells/mm 3 ) CD4+ T lymphocyte increase 96 weeks after the initiation of potent ART.
Methods

Subject Source and Selection
The AIDS Clinical Trials Group (ACTG) Longitudinal Linked Randomized Trials (ALLRT) cohort (A5001) comprises HIV-infected individuals enrolled in randomized ACTG antiretroviral therapy studies who agree to be followed longitudinally as part of an additional observational study that continues beyond the end of the parent ACTG protocol in which they are enrolled. Standardized demographic data, clinical information, and laboratory parameters are collected at baseline and then every 16 weeks indefinitely.
Initially, 158 subjects were selected from ACTG studies 384, 388, A5014, A5095, A5142, and A5001 based on age and CD4+ T lymphocyte response after 96 weeks of potent ART. All patients were ART-naïve at baseline, and 84% were initiated on therapy within 24 h of obtaining baseline blood samples (mean duration from baseline blood collection to ART initiation 0.5 days, range 0-26 days). Patient selection required viral suppression on ART to <400 copies/ml by week 16 and at every subsequent 16-week follow-up, as well as a viral load of <50 copies/ml at the 96-week (or 80-week if no 96-week) evaluation. Subjects were selected regardless of ART regimen. Co-variates provided from the database included age, race, ART regimen (PI-based, NNRTIbased, NRTI only), sex, current or previous intravenous drug use, hepatitis B surface antigen and core antibody status, and hepatitis C antibody. Exemption for the study was granted by the UCLA Internal Review Board.
Younger age was defined as 30-50 years, and older age was defined as >50 years of age, at baseline. The age range for younger individuals was selected based on availability of sufficient numbers of patients in this cohort to make comparisons with the >50 year population. CD4+ T lymphocyte response to therapy was defined as a CD4+ T cell gain of >200 cells/mm 3 and nonresponse as a CD4+ T cell gain of <100 cells/mm 3 between baseline (pre-ART) and 96-week follow-up. The CD4+ T lymphocyte count utilized to categorize individuals as responders versus nonresponders was an average of the 80-and 96-week CD4+ T lymphocyte values.
Because of the low number of >50-year-old subjects in the nonresponder category with available peripheral blood mononuclear cells (PBMC), flow cytometry was performed on all baseline pre-ART samples in this group (n=23). After removing those with insufficient PBMC numbers to perform the flow analyses, we randomly selected 45 baseline pre-ART samples from the pool of available 30-50-year-old subjects in both the responder and nonresponder categories. For the group of >50-year-old responders, we had exactly 45 subjects with sufficient PBMC availability.
Of the 158 samples shipped to UCLA for analysis, 47 had to be excluded because no viable cells could be recovered after thawing as determined by flow cytometric assessment of membrane integrity by DNA staining. We then further excluded subjects with cell viability less than 10%, leaving a total of 100 samples, divided as follows: older nonresponders (n=12), younger nonresponders (n=31), older responders (n=26), younger responders (n=31).
Flow Cytometry
Cryopreserved PBMCs were thawed and stained with the following antibody panel: (1) Tube 1: IgG1 FITC/IgG1 PE/ CD3 PerCP/CD4 PE-Cy7/IgG1 APC/CD8 APC-Cy7; (2) Tube 2: CD45RA FITC/CD28 PE/CD3 PerCP/CD4 PECy7/CD45RO APC/CD8 APC-Cy7; (3) Tube 3: CD57 FITC/CD28 PE/CD3 PerCP/CD4 PE-Cy7/CD56 APC/CD8 APC-Cy7.
The DNA dye DAPI was added to each tube for dead cell exclusion. Samples were analyzed on a BD LSRII flow cytometer (BD Biosciences) equipped with a 488-nm blue laser, a 640-nm red laser, and a 407-nm violet laser and the appropriate filter sets for the fluorochromes used in the staining panel. A minimum of 10,000 CD4+ and CD8+ T lymphocytes were collected whenever possible. Data analysis was performed with FACSDiva software (BD Biosciences).
Statistical Methods
Analysis of variance (ANOVA) and Fisher's exact tests were used to evaluate differences in baseline characteristics among each of the four groups (younger responders, younger nonresponders, older responders, older nonresponders). Comparisons were also made between characteristics of those subjects who were included versus excluded in the analysis using the 10% viability cut-off. The association of CD8+ and CD4+ T cell flow markers with age (30-50 years and >50 years) and CD4+ T lymphocyte response status (responder >200 cells/mm 3 and nonresponder <100 cells/mm 3 ) at 96-week follow-up was modeled with linear regression. All 95% confidence intervals were adjusted and calculated as the difference from the referent. Multivariate regression was performed for all univariate results with P values less <0.15.Covariates for this analysis included race, ART regimen (NNRTI versus PI), hepatitis B co-infection (defined by positive hepatitis B surface antigen), and hepatitis C coinfection (defined by positive hepatitis C virus antibody).
Our study was not formally powered to show a specific difference in immune senescent T lymphocyte subsets between the four groups, as there are no data regarding the frequency of these subpopulations in HIV-infected individuals on which to base sample size calculations.
Therefore, we performed a pilot study to obtain preliminary data about baseline CD8+ and CD4+ T lymphocyte subpopulations and CD4+ T cell responses after initiation of ART in older compared with younger individuals. We hypothesized that older individuals with poor CD4+ T cell responses would have the highest rates of senescent marker expression and that those individuals with features of the IRP would be less likely to have a good immunologic response to ART, independent of age.
Results
Baseline Subject Characteristics
For the 100 subjects included in the final analysis, baseline characteristics of the four groups are summarized in Table I . Due to pre-selection of groups by age and CD4+ T lymphocyte response, significant differences were found for age (P<0.001) and CD4+ T cell change from baseline to 96 weeks (P<0.001). There were no significant differences noted in the proportion of women, intravenous drug use, hepatitis B and C antibody prevalence, non-white subjects, or individuals on protease inhibitor-containing ART. Furthermore, there were no significant differences in baseline viral load (log 10 RNA) among the four pre-selected groups.
Characteristics of Subjects Included versus Excluded from the Analysis Using the 10% Viability Cut-Off
Characteristics of individuals included versus excluded using the 10% viability cut-off were evaluated. There was a non-significant trend toward older individuals being excluded for low viability. There were no significant differences in mean baseline CD4+ T cell counts, mean CD4+ T lymphocyte change at 96-week follow-up, or mean baseline log 10 RNA (Table II) .
Regression Analysis: Association of CD8+ T cell Subsets with Age and CD4+ T Lymphocyte Response to Antiretroviral Therapy Linear regression was performed to simultaneously examine the associations between CD8+ T lymphocyte markers of interest and age (younger versus older) and response category (responder versus nonresponder; Table III ). Younger age was associated with a lower proportion of the senescent CD8+ T cell phenotypes CD56+57+ and CD56+, with an average of 1.8 fewer percentage points of CD56+ 57+ T lymphocytes and 2.1 fewer percentage points of CD56+ T lymphocytes compared with older individuals (95%CI −3.6 to −0.02, P=0.047 and 95%CI −4.2 to −0.03, P=0.05, respectively). Younger individuals also had a lower proportion of senescent CD28− CD8+T lymphocytes, with an average of 6.9 fewer percentage points compared with older individuals (95%CI −12.5 to −1.4, P =0.02). Unexpectedly, CD4+ T cell responders had a higher proportion of CD8+ T lymphocyte senescent markers CD56+57+ and CD56+, with an average of 2.1 more percentage points of CD56+57+ T lymphocytes and 2.2 more percentage points of CD56+ T lymphocytes compared with individuals with CD4+ T cell nonresponse (95%CI 0.31 to 3.8, P=0.02 and 95%CI 0.17 to 4.3, P=0.03, respectively).
We also evaluated associations between naïve versus non-naïve CD8+ T lymphocytes with age and CD4+ T cell response categories. Younger individuals had a greater proportion of naïve CD8+ T lymphocytes (CD45RA+CD28+) with an average of 6.8 more percentage points compared with older individuals (95%CI 2.6 to 10.9, P=0.002).
In a multivariate analysis that included race, intravenous drug use, ART regimen, and hepatitis B and C antibody positivity, T lymphocyte marker associations that were significant in the analysis with only age and response category remained significant with all these co-variates in the model (all P values<0.05).
Regression Analysis: Association of CD4+ T Cell Subsets with CD4+ T Lymphocyte Response to Antiretroviral Therapy Regression analyses similarly evaluated pre-ART naïve CD4+ T cell frequencies for association with age category and CD4+ T cell response to ART (Table III) . Younger age and CD4+ T lymphocyte response were associated with a higher frequency of pre-ART naïve CD4+ T cells (CD45RA +CD28+), with younger individuals having 9.2 more percentage points and CD4+ T lymphocyte responders 8.5 Results for the naïve CD4+ phenotype (CD45RA+CD28+) retained significance at the P<0.05 level in a multivariate analysis that additionally included race, intravenous drug use, ART regimen, and hepatitis B and C antibody positivity. For the central memory CD4+ T lymphocyte phenotype (CD45RA-CD28+), the strength of the association with age was reduced, while CD4+ T cell response category remained strongly significant after adjusting for these additional factors (95%CI −13.5 to 1.3, P=0.11 and 95%CI −22.5 to −7.9, P<0.001, respectively).
Discussion
Variability in CD8+ and CD4+ T Lymphocyte Marker Percentages in HIV-Infected Individuals
Our data demonstrate a high degree of variability of CD8+ and CD4+ T lymphocyte subsets in treatment-naïve HIVinfected individuals across the age ranges and CD4+ T lymphocyte response categories within our population. Despite this variability, we found that older age was associated with a higher frequency of senescent CD8+ T lymphocyte phenotypes (CD56+57+, CD56+, and CD28−), as well as a lower frequency of naïve CD8+ T lymphocytes (CD45RA +CD28+). This is consistent with studies of immune phenotypes found in very elderly individuals. Patients in our older subgroup with a mean age of 57.8 (range, 51-75 years) were immunologically similar to HIVuninfected octogenarians and nonagenerians described in other studies [11, 16] .
In univariate and multivariate analysis of CD4+ T lymphocyte phenotypes, younger individuals and CD4+ T cell responders had a higher proportion of naïve CD4+ T cells (CD45RA+CD28+). This is consistent with prior studies showing that the presence of naïve CD4+ T cells is associated with better immune reconstitution after ART initiation [22] [23] [24] . Additionally, consistent with at least one prior study [25] , younger individuals had a lower proportion of CD28− senescent CD8+ T cells. Unlike our data, this study found a stronger association between age and loss of naïve CD8+ T cells compared with naïve CD4+ T cells, although both were reduced with aging. Taken together, these data provide further evidence to suggest that earlier treatment, particularly in older individuals, is likely to be beneficial in optimizing immune function and maximizing CD4+ T cell response to ART.
Older individuals and CD4+ T cell nonresponders were also found to have a higher baseline percentage of CD4+ central memory cells (CD45RA-CD28+), although the strength of the association with age was reduced in multivariate analysis. This is consistent with previous data showing that progression of HIV infection is associated with a depletion of naïve CD4+ T cells and a corresponding increase in intermediate and late-differentiated CD8+ T lymphocytes [21, 26] . In our sample, HIV patients with a larger pool of central memory CD4+ T cells had less robust 95% confidence intervals are adjusted and represent the difference from the referent SD standard deviation, IQR interquartile range a Data reported for all samples with viability >10% (n=100) b Based on linear regression models for each marker that include effects for both age and responder categories. Separate modeling showed no evidence for an interaction between the age and responder effects for any CD4+ or CD8+ T lymphocyte subpopulation (all P≥0. 15) response to ART, suggesting that central memory cells expanded to make up for the deficit of naïve cells.
Specific clinical trial data has suggested that a PI plus two NRTIs may be associated with a greater increase in CD4+ T lymphocyte counts compared with efavirenz plus two NRTIs at 96 weeks [27] . The prevalence of PIcontaining regimens was not significantly different among the four groups we evaluated, and the presence of a PI in the ART regimen was not associated with an increased likelihood of being in the CD4+ T cell responder category (>200 cells/mm 3 ), regardless of age. Unexpectedly, significantly higher percentages of senescent CD56+CD57+ CD8+ and CD56+ CD8+ T cells were found in individuals with good CD4+ T lymphocyte responses to ART compared with those with poor responses, even after controlling for age, race, sex, regimen, and hepatitis status. This phenotype has been established as a senescent subset in the Swedish NONA studies of elderly individuals [13, 17, 28, 29] . In our sample, the overall prevalence of these CD8+ T lymphocyte subsets was low, with a mean percentage of 4.2% for CD56+57+ and 6.2% for CD56+ across the sample. The unexpected higher percentage in individuals with these senescent markers with good CD4+ T cell responses was therefore seen in the setting of overall low prevalence of this subtype, making the significance difficult to interpret. Additionally, our study only examined PBMCs from the baseline pre-ART timepoint. It is possible that, after ART initiation, the proportions of CD56+ and CD56+57+ T lymphocytes shifted and that subsequent on-ART PBMCs analysis could have revealed an association with higher proportions of these senescent CD8+ T cells and CD4+ nonresponders.
Possible Components of an Immune Risk Phenotype in HIV-Infected Individuals: Beyond T Lymphocyte Markers
It is likely that the CD4+ T lymphocyte response to potent ART is determined by multiple factors within a given individual, including nadir CD4+ T cell count, the presence of co-infections such as CMV, and the influence of chronic inflammation as measured by elevated inflammatory cytokines and biomarkers. This multi-faceted interaction has been called the inflammation-aging hypothesis and invokes a cycle of chronic T lymphocyte stimulation as the cause of "unsuccessful aging", defined by the development of cardiovascular disease, cancers, osteopenia and osteoporosis, left ventricular dysfunction, liver failure, kidney failure, cognitive decline, and frailty [9] . Given the similarities between elderly and HIV-infected individuals, specifically chronic infections and immune activation, a similar cycle of inflammationaging may apply. It is clear that even in the setting of viral suppression to <50 copies/ml in the blood compartment, immune activation persists [30] , and at least one study has demonstrated that aged T cells continue to accumulate in patients on ART with long-term viral suppression [31] .
Factors other than T lymphocyte surface markers that may better explain immune aging in HIV infection include other T cell characteristics of replicative senescence, such as telomere shortening, anergy, and resistance to apoptosis. Studies have shown that the loss of CD28 in chronic HIV infection is associated with a decline in telomerase activity and telomere length [32, 33] . Since telomere length shortens with each cell division, this process results in decreased proliferation and may lead to poor response to antigens. Supporting the importance of a role for telomere length in HIV progression are studies demonstrating high proliferative capacity among HIV-infected long-term nonprogressors [34, 35] .
Finally, thymic function is reduced in older patients, and studies of HIV-infected individuals have shown that CD4+ T-cell-receptor-rearrangement excision circles, a marker of thymic output, are reduced in both older HIV-infected patients and those with late-stage disease [36] . Thymic function may be an important component of an IRP for older HIV-infected individuals, though it remains an elusive target for therapeutic intervention.
Study Limitations and Weaknesses
We analyzed pre-ART PBMCs to detect an IRP that might predict 96-week CD4+ T lymphocyte response to ART but did not look at CD8+ and CD4+ T lymphocyte phenotypes from other time points after the initiation of ART. It is known that in the setting of ART, lymphocyte phenotypes shift in response to viral suppression and decreased immune activation. T lymphocyte phenotypes at 4, 8, or 12 weeks after ART initiation may be more predictive of CD4+ T cell response than those phenotypes seen before treatment initiation.
We did not have the ability to collect information on CMVantibody status or the presence of CMV viremia. Prior research supports the important role of CMV in the IRP for elderly patients, and while we presume high rates of CMV seropositivity in HIV-infected populations, data on serostatus and active (even low-grade) CMV viral replication would have further informed our study results.
Given previous data about the inflammation-aging hypothesis, measurement of pro-inflammatory cytokines and biomarkers measured in conjunction with T lymphocyte cell surface markers may provide a more comprehensive view of immune senescence. Additional measures of telomerase, anergy, and apoptosis may also prove to be critical in understanding the interaction of HIVand immune senescence and in the identification of an IRP for HIVinfected individuals. Finally, our study measured immune phenotypes from the blood compartment only. Viral load from blood plasma represents disease status from only one compartment, while ongoing HIV burden in the gut, lymphoid tissue, central nervous system, and genital tract is emerging as important in the pathogenesis of HIV and virus-specific immune responses [37] .
The Role of Low PBMC Viability on Study Results
We encountered unexpected viability issues with the cryopreserved PBMCs utilized in our study. Forty-seven samples (30%) could not be used because cells were not viable, and an additional eleven samples were excluded because cell viability was less than 10%. The mean viability among the samples included was low at 44.3% (standard deviation 19.6%) as determined by DNA dye exclusion measured by flow cytometry, with no significant differences in the mean viability between the four groups (viability range 10.1-79.6%). The samples were selected from ACTG studies dating from 1998. It is possible that storage protocols were not optimal, particularly at the time of early ACTG studies when cell processing and freezing protocols were being refined. We chose to exclude samples that had less than 10% viability, and we could not detect statistically significant differences in baseline characteristics between those included versus those excluded. However, a higher proportion of low-viability and nonviable samples were from older individuals, such that samples included in the final analysis may not have been representative of T cell phenotypes in this population. It is possible that senescent cells would be more likely to be non-viable after prolonged cryopreservation.
Conclusion
HIV-infected younger individuals demonstrate a lower frequency of pre-ART senescent CD8+ T lymphocyte phenotypes (CD56+CD57+, CD56+, and CD28−) and a higher frequency of naïve CD8+ T cells (CD45RA+ CD28+) compared with older individuals. Our study also confirms other studies showing that older HIV-infected individuals and those with poor CD4+ T cell response to ART have lower baseline pre-ART frequencies of naïve CD4+ T lymphocytes, as well as a shift away from naïve and toward central memory CD4+ T lymphocytes. Our study was unique in that it attempted to determine if the IRP described previously in elderly populations could be replicated in HIV-infected patients and explain poor CD4+ T cell responses to ART. It is likely that an IRP in HIV-infected individuals will be defined not only by CD4+ and CD8+ T lymphocyte phenotypes but also by the presence of inflammatory cytokines and other biomarkers, markers of T cell replication capacity such as telomerase and telomere length, as well as the presence of co-infections. Ultimately, understanding factors associated with poor CD4+ T lymphocyte responses and defining an HIV-associated IRP may provide population targets for future therapies and lead to improved outcomes for HIV-infected patients.
